Magnesium ions (Mg 2+ ) are essential for life, but the mechanisms regulating their transport into and out of cells remain poorly understood. The CorA-Mrs2-Alr1 superfamily of Mg 2+ channels represents the most prevalent group of proteins enabling Mg 2+ ions to cross membranes. Thermotoga maritima CorA (TmCorA) is the only member of this protein family whose complete 3D fold is known. Here, we report the crystal structure of a mutant in the presence and absence of divalent ions and compare it with previous divalent ion-bound TmCorA structures. With Mg 2+ present, this structure shows binding of a hydrated Mg 2+ ion to the periplasmic Gly-Met-Asn (GMN) motif, revealing clues of ion selectivity in this unique channel family. In the absence of Mg 2+ , TmCorA displays an unexpected asymmetric conformation caused by radial and lateral tilts of protomers that leads to bending of the central, pore-lining helix. Molecular dynamics simulations support these movements, including a bell-like deflection. Mass spectrometric analysis confirms that major proteolytic cleavage occurs within a region that is selectively exposed by such a bell-like bending motion. Our results point to a sequential allosteric model of regulation, where intracellular Mg 2+ binding locks TmCorA in a symmetric, transport-incompetent conformation and loss of intracellular Mg 2+ causes an asymmetric, potentially influx-competent conformation of the channel.
Edited by David E. Clapham, Howard Hughes Medical Institute, Children's Hospital Boston, Boston, MA, and approved September 27, 2012 (received for review May 30, 2012) Magnesium ions (Mg 2+ ) are essential for life, but the mechanisms regulating their transport into and out of cells remain poorly understood. The CorA-Mrs2-Alr1 superfamily of Mg 2+ channels represents the most prevalent group of proteins enabling Mg 2+ ions to cross membranes. Thermotoga maritima CorA (TmCorA) is the only member of this protein family whose complete 3D fold is known. Here, we report the crystal structure of a mutant in the presence and absence of divalent ions and compare it with previous divalent ion-bound TmCorA structures. With Mg 2+ present, this structure shows binding of a hydrated Mg 2+ ion to the periplasmic Gly-Met-Asn (GMN) motif, revealing clues of ion selectivity in this unique channel family. In the absence of Mg 2+ , TmCorA displays an unexpected asymmetric conformation caused by radial and lateral tilts of protomers that leads to bending of the central, pore-lining helix. Molecular dynamics simulations support these movements, including a bell-like deflection. Mass spectrometric analysis confirms that major proteolytic cleavage occurs within a region that is selectively exposed by such a bell-like bending motion. Our results point to a sequential allosteric model of regulation, where intracellular Mg 2+ binding locks TmCorA in a symmetric, transport-incompetent conformation and loss of intracellular Mg 2+ causes an asymmetric, potentially influx-competent conformation of the channel. . As the most abundant intracellular divalent cation, it stabilizes phosphate compounds (DNA, RNA, ATP) and their synthesis, is essential for the function of over 300 enzymes, and is central to photosynthesis in plants (1) . In addition to antagonizing Ca 2+ signaling (2) , Mg 2+ has recently been implicated as a key second messenger in T-cell activation through the MagT1 Mg 2+ channel (3) . The CorA protein is the primary transport system for Mg 2+ in Bacteria and Archaea and is required for bacterial pathogenesis (4, 5) . It can functionally substitute for its eukaryotic homologs Alr1 and Mrs2 (6, 7), suggesting that CorA represents an important model system for these eukaryotic Mg 2+ channels. Alr1 is the major Mg 2+ uptake system in the plasma membrane of yeast (8) , and Mrs2 is present in the inner mitochondrial membranes of yeast (6) , plants (9) , and mammals (10) . Despite Mrs2 being essential for normal mitochondrial function (11) , its expression is a hallmark of embryonic stem cells (12) , and Mrs2 overexpression has been linked to a multidrug resistance phenotype in cancer (13, 14) . Patch-clamp analysis established Mrs2 as a high-conductance (155 pS) Mg 2+ -selective channel (15) , and a similar conductivity has been indicated for CorA (16) .
Three crystal structures of wild-type Thermotoga maritima CorA (TmCorA-WT), obtained in the presence of divalent cations (17) (18) (19) , revealed a symmetric homopentamer with a large intracellular funnel linked to two transmembrane (TM) helices per monomer in an apparently closed state, establishing TmCorA as a structural template of the CorA-Mrs2-Alr1 superfamily (20) .
As seen in Fig. 1 , the intracellular funnel domain is comprised of a core helical bundle consisting of α5, α6, and α7. Five ca. 100-Å-long α7 helices come together in a left-handed spiral ( Fig. 2A) , creating an ion pore unlike any other known channel. The Cterminal end of α7 spans the membrane (TM1), ending in the universally conserved Gly-Met-Asn (GMN) sequence. A short periplasmic loop connects it to α8 (TM2). Five α8 helices end in the cytosol, with the C-terminal KKKKWL motif in proximity to the α5-α6 loop of a neighboring monomer (Fig. 1A) . Forming the outer wall of the funnel, α5 and α6 contain an unusual amount of negatively charged residues, which confront the basic sphincter (KKKKWL motif of α8 and K292 of α7). Two intracellular Mg 2+ -binding sites (M1 and M2) function as an intracellular divalent cation sensor (DCS) between the intracellular end of α7 and α3′ (residues and distances in protomers B to E are indicated by the addition of prime symbols ′ to ′′′′), where M1 may be the primary regulatory site in TmCorA (21) . In a recent computational study (22) , removal of the ten regulatory ions from M1 and M2 led to changes in the tilt of α7, resulting in an iris-like dilation of the pore and subsequent hydration of the hydrophobic pore region between M302 and M291 (MM stretch), suggesting an allosteric mechanism coupling intracellular Mg 2+ concentration to hydrophobic gating. It has been further suggested that the acidic electrostatic nature of α5 and α6 might be used to change the position of the basic sphincter, which surrounds the tightest pore constriction formed by M291 (17 3+ to the periplasmic α7-α8 loop. However, a direct role for the GMN motif in selecting for Mg 2+ remains unproven despite its conservation at the mouth of the pore. The pentameric organization of CorA further confounds our understanding of ion selectivity because this architecture does not fit the expected octahedral coordination geometry of Mg 2+ (25) . All previous crystal structures of TmCorA-WT were obtained in the presence of high concentrations of Mg 2+ or Ca
2+
. In our hands, TmCorA-WT has resisted all crystallization attempts in the absence of divalent ions. However, we identified a TmCorA mutant that still responds to changes in Mg 2+ concentration and can be crystallized both with and without divalent cations, trapping it in two different states. The first structure determined in the presence of Mg 2+ (3.9-Å resolution) reveals two ions bound along the pore, with one coordinated at the GMN motif. Remarkably, the second structure determined in the absence of divalent ions (3.8-Å resolution) reveals a distinctly asymmetric architecture, which provides insight into an unexpected potential regulatory mechanism operating in this ubiquitous channel family. We complement our crystallographic studies with a time-extended (700 ns) molecular dynamics (MD) simulation and supporting biochemical assays.
Results
Mutations That Disfavor the Closed State. Our inability to obtain crystals of TmCorA-WT in the absence of divalent ions might be caused by a higher degree of flexibility of the protein under these conditions. Without such a structure, however, it is difficult to characterize additional conformational states, which are necessary to explain the gating mechanism of the channel. To shift the protein toward an unlocked conformation, we instead aimed to loosen the coiled-coil interactions between helices α6 and α7 within the intracellular funnel domain (Fig. 1A) , rationalizing that this region is likely to undergo structural changes in response to intracellular Mg 2+ loss. In the closed TmCorA structures, R222 (α6) forms an intraprotomer salt bridge with E266 (α7), and K223 interacts with D263 of the neighboring protomer (Fig. S1A ). In addition, we removed the N-terminal residues 1-25, which proved to be highly flexible in our proteolysis study independent of the Mg 2+ concentration (see below); this truncation enhanced diffraction characteristics. Table S1 provides detailed statistics for the X-ray analysis of TmCorA-ΔNcc. The resulting ΔN25/R222A/K223A mutant will be called ΔNcc (N-truncated coiled-coil mutant). Like WT, ΔNcc adopts at least two different conformational states depending on the Mg 2+ concentration ( Fig. S1B for ΔNcc; see Fig. 5A for WT), as probed by limited proteolysis (19) . However, TmCorA-ΔNcc shows a loss of function in our cellular complementation assay (Fig. S1C ), possibly due to the inability of this channel to fully gate, because the coiled-coil mutation appears to stabilize a single or subset of conformations available to TmCorA-WT. Western blot analysis (Fig. S1D) shows that all of the mutants described here still associate with the cell membrane. , an ion was unexpectedly observed right below the mouth of the pore (PDB ID code 2HN2), between G309 and G312 (19) . Mg 2+ , however, was only observed at the negatively charged D277 ring forming the pore exit (18) but could not be identified near the periplasmic region or any other pore section. Here, in the presence of Mg 2+ , the crystal structure of TmCorAΔNcc reveals two Mg 2+ -binding sites within the pore, one of them at the universally conserved GMN motif forming the periplasmic mouth of the pore ( Fig. 2 B and C) . The strong electron density ( Fig. S2A ) and refined distances of about 4 Å to carbonyl groups (G312) and asparagine side chains (N314) of the GMN motif are consistent with binding of a hydrated Mg 2+ ion. Remarkably, only four of the five GMN motifs are well-ordered; the fifth N314 side chain appears to be disordered or flipped out, suggesting the selectivity filter in CorA may rearrange to accommodate the strict coordination of Mg 2+ despite its pentameric architecture. A second Mg 2+ ion is located in the intracellular pore section directly coordinated to one S284 hydroxyl side chain ( Fig. 2D and Fig. S2B) . This ion appears to also be in a water-mediated contact with at least one more adjacent serine side chain. A comparison of Cα-Cα distances located near the binding site shows that the two coordinating helices have moved slightly toward each other (by 0.2-0.6 Å), thereby breaking the fivefold symmetry of TmCorA observed in previous structures. Interestingly, this S284 coordination site aligns with a local minimum of an electrostatic energy profile of TmCorA-WT calculated along the pore axis (22) . As seen in the TmCorA-WT structures, in the presence of Mg 2+ all 10 M1 and M2 sites are occupied by Mg 2+ . Notably, the intracellular parts of the five ΔNcc protomers adopt different relative orientations to produce a slightly asymmetric conformation.
Increased Asymmetry of TmCorA-ΔNcc Without Mg 2+ . We were also able to determine the X-ray structure of TmCorA-ΔNcc in the absence of divalent ions and found that only three M1 sites and one M2 site were occupied by monovalent Cs + ions (Fig. 3A and Movie S1). Empty sites correlate with increased distances between protomers (2-3 Å), which can be attributed to the repelling negative charges of the aspartate groups of the DCS. The unlocked protomers are seen to undergo three distinct motions (defined in Fig.  3B ): lateral tilt (protomer A/C), radial tilt (protomer B/E), and z rotation (protomer D). Tilts and rotations range from 4°to 5°. The pronounced asymmetry of the divalent cation-free form of TmCorA-ΔNcc is already hinted at in the presence of Mg 2+ but to a much lesser extent. Interestingly, Cs + is also binding to the GMN motif at an equivalent position. For ease of discussion, the five protomers have been given corresponding names (A through E) and color coding, allowing comparisons between the asymmetric motions of intracellular domains (Fig. 3A) with the asymmetric binding sites in the pore (Fig. 2) .
The previous "closed" crystal structures show a very specific binding of divalent ions to the DCS. Divalent metals bind directly between aspartates D253 and D89′ at the protomer-protomer interface (M1; close-up in Fig. 1A ) in the DCS. The pore radius of the unlocked structure, however, does not differ significantly from the locked WT conformations. Instead, the entire TM domain bends about 6°toward protomer B (bell-bending motion; Fig. 3A, Lower Right) . The distance between TM2 (KKKKWL motif) and the intracellular α5-α6 loop (Fig. 1A) is shortest between protomers A and B. This bell-bending motion appears to pull away one single periplasmic loop (belonging to protomer A) from the pore mouth, thereby allowing ion coordination at the GMN motif (Fig. 2C) . Whereas protomers A, C, D, and E remain largely unchanged compared with the previous "locked" structures of TmCorA-WT, in protomer B, the long α7 helix shows a significant bending with residue G274 of protomer B as the hinge for the bell-bending motion (Fig. S3) .
MD Simulation on TmCorA-WT. In parallel to the determination of the unlocked structure by X-ray crystallography, two independent 700-ns MD simulations were carried out, respectively, with and without 10 regulatory Mg 2+ ions in the DCS. As seen in Fig. 4 , the absence of Mg 2+ has a strong effect on the symmetry and dynamic fluctuations of the pentamer. Fig. 4C shows the distance, m1, between D253 and D89′ (regulatory site M1) during the simulation. In the presence of Mg , it varies between 4 and 16 Å (right side of Fig. 4C ). In the latter case, the changes are most pronounced for m1 and m1′′′′. The m1 distance (between protomers A and B) increases to almost 16 Å, whereas m1′′′′ (between protomers E and A), after an initial jump, stays below 6 Å. The smaller 6 Å distance of m1′′′′ is attributable to a neutralizing Na + ion trapped after 80 ns of simulation (Fig. 4E) . Comparison with the ΔNcc-Cs + structure (Fig. 3A) shows a strikingly similar occupancy of M1 and M1′′′′ (protomers A, B, E). Accordingly, the protomers in the simulation were assigned names (A to E) identical to the ones chosen for the subunits in the two X-ray structures of TmCorA-ΔNcc (see Figs. 2  and 3 ). The remaining m1 distances undergo changes throughout the simulation, reflecting the capture and loss of monovalent ions in the various regulatory sites (Fig. S4A) . A remarkable observation during the Mg 2+ -free simulation is an increasing bell-bending motion during the first 250 ns (Fig. 4F ), leading to a strongly bent state (Fig. 4G) . The stalk helix α7′ (protomer B) displays the largest bending of 25°as is found in ΔNcc-Cs + , where α7′ is also bent the most (Fig. S3) . The bell-bending motion is accompanied by the formation of new salt bridges between adjacent protomers involving E201/E204 of the α5-α6 loop, the C-terminal KKKKWL motif, and the conserved residue K292 (Fig. 4 A, B, and D) . These interactions happen only on one side of the pentamer, mainly between protomers A (colored gray) and B (green). The drastic increase of the bell-bending after 150 ns coincides with an increased tilt of the pore axis against the membrane normal and a formation of additional salt bridges between the intracellular CorA surface and the lipid bilayer (Fig. S5) . The pore is hydrated for about 25 ns in the presence of Mg 2+ but subsequently reverts to the dehydrated state. In contrast, without Mg 2+ the pore becomes gradually hydrated and reaches a permanent hydration in the last 180 ns of the simulation (Fig. 4H) .
Comparing the changes in the crystal structures with those achieved in the simulations, we find that the individual protomers undergo similar rigid-body motions with a similar magnitude between 50 and 150 ns. After 150 ns, these motions become more pronounced in the simulation, presumably because of protein-bilayer interactions. In either case, the pentamer transforms from a symmetric Mg 2+ -locked state to an asymmetric Mg 2+ -free state with a strong bend between the cytosolic and transmembrane domains.
Probing Mg

2+
-Dependent Conformational Changes in Solution. Protease-susceptibility assays also support two different conformational states of CorA. At Mg 2+ concentrations higher than 0.5 mM, the channel protein is much more resistant against proteolysis (19) . Fig. 5A shows trypsin digestion of TmCorA-WT as a function of Mg 2+ concentration with the major cleavage products identified by liquid chromatography-tandem mass spectrometry (LC MS/MS) and N-terminal Edman sequencing. In the presence of trypsin, a band appears below the 26-kDa marker, and its intensity decreases when the Mg 2+ concentration increases. The corresponding cleavage site is at R202 and K205 in the α5-α6 loop (Fig.  5C ), which forms a ring around the pore slightly below the main hydrophobic constriction. At low Mg 2+ levels, the majority of the protein is cleaved at this position, whereas at concentrations higher than 0.5 mM, most of the protein is protected. Monovalent ions (Li
are not able to provide this protection (19) . Notably, this cleavage site is located in the area that becomes exposed during bell-bending (Fig. 4G) . The Mg 2+ dependence of this site can be abolished by replacing regulatory site M1 with a permanent salt bridge as in the mutant D253K (Fig. S6A) . Trypsin cleavage is also almost fully abrogated in mutant R202G, confirming the mass spectrometric assignment (Fig. S6B) . A weak band that is already present in freshly prepared samples was identified as the intracellular domain cleaved at conserved residue K292, which is part of the basic sphincter (positioned at the membrane-aqueous interface at the level of the most constricted pore section) and takes part in a salt-bridge with the α5-α6 loop, also observed in the MD study (s1 in Fig. 4D ). In the same study, K292 and R202 become both widely exposed and more mobile during bell-bending, linking computational, structural, and biochemical results in support of a connection between this conformation and low intracellular Mg 2+ levels. The majority of TmCorA-WT is cleaved either at K9 or K22 (Fig. 5B) in the presence of trypsin. This represents the cleavage of the N terminal lid removed in the ΔNcc construct, which covers the DCS in the closed state (Fig. 5D ) and appears to be rather flexible regardless of Mg 2+ concentration, consistent with the improved diffraction characteristics of the mutant. Exposing three unrelated proteins to identical proteolysis conditions showed that the observed increased protection of TmCorA-WT and TmCorA-ΔNcc from proteolytic attack is not due to inhibition of trypsin (Fig. S7) .
Discussion
Nonconcerted Allosteric Regulation of CorA. In this study, both crystallography and MD simulation expose a severe asymmetry in TmCorA caused by removal of Mg
2+
. Pronounced asymmetry has also been observed in the putatively inactivated form of a bacterial voltage-gated sodium (Na + ) channel (26, 27) and the Na + -selective form of an acid-sensing ion channel (28) . The observation that only half of the regulatory sites are occupied in the presence of monovalent ions in TmCorA-ΔNcc (Fig. 3A and Fig. S4A ) may be analogous to the heteropentameric acetylcholine (ACh) receptor (29) , where only two ACh molecules bind to opposing sites of the five possible protomer interfaces. In TmCorA, we found that , which connects aspartate residues of adjacent protomers by direct COO
The negatively charged α5-α6 loop faces the basic sphincter but in the closed conformation, these two regions do not come close enough to form salt bridges (Fig. 6, Left) . By contrast, at low intracellular Mg 2+ concentrations, a combination of lateral and radial tilting of two adjacent protomers allows salt bridges between amino acids in the α5-α6 loop and K292 on one side of the CorA pentamer, changing the tilt of pore forming helix α7. (Fig. 6, Right) . These electrostatic interactions are part of the observed bell-bending motion and might initiate Mg 2+ influx by pulling away a single chain (belonging to protomer A; gray) from the pore mouth (Fig.  2C) . Additionally, the positive side chains of the basic sphincter closest to the most constricted pore region become neutralized, lowering the electrostatic barrier for Mg 2+ influx. In the simulation without Mg 2+ , the other four α5-α6 loops of the CorA pentamer become more mobile and exposed ( Fig. S4B and Fig. 4G ), consistent with our finding of increased trypsin susceptibility at Mg 2+ concentrations below 0.5 mM (Fig. 5) .
Selectivity Filter. Ion selectivity has remained a mystery in CorA. In the well-studied tetrameric potassium (K + ) channels, a set of mostly dehydrated K + ions is stabilized along the trajectory of a fourfold symmetric pore by carbonyl groups mimicking the geometry of the ions' hydration shells (30 -bound selectivity filter of CorA does not follow the example of K + channels, the filters of which are assumed to remain largely symmetric during ion conduction but aligns with the asymmetric selectivity filter of the voltage-gated Na + channel (35) and the asymmetric conformation of the Na + -conductive acidsensing ion channel (28) . The second Mg 2+ -binding site in the pore of TmCorA-ΔNcc at S284 (Fig. 2D ) further shows that a partially dehydrated Mg 2+ ion can be stabilized in the pore and suggests that Mg 2+ is not moving on a symmetric pore axis but rather along the wall of an asymmetric pore, again reminiscent of recent computational results on the Na + channel (36, 37) . Our present and previous (22) MD simulations suggest that the hydrophobic stretches of the CorA pore are much more likely to become occupied by water molecules at low intracellular Mg 2+ levels, consistent with the permeation of hydrated Mg 2+ ions.
Conclusions
Our study does not provide evidence for a concerted movement of the five protomers forming the CorA channel; in contrast, it reveals a striking asymmetry involved in allosteric regulation and ion stabilization in the pore. Sequential rigid-body motions allow the formation of salt bridges that influence the tilts of individual pore-forming helices. The observation of a hydrated Mg 2+ ion at the mouth of the pore suggests that the universally conserved GMN motif is only accessible in the asymmetric state of the channel and that it is indeed the selectivity filter of the CorA-Mrs2-Alr1 superfamily. In contrast to K + channels, it seems Mg 2+ ions with their first hydration shell intact are selected over other ions by CorA, and at least part of this hydration shell is required for transport across the membrane. The concepts illuminated in our study allow fast regulation of Mg 2+ concentration in biological systems, and they also conform with this ion's unique chemistry and biological relevance.
Methods
To test for competency in Mg 2+ transport, expression plasmids for WT and mutant TmCorA were transformed into Escherichia coli strain BW25113 as published (38) . Figures of proteins were generated with PYMOL (DeLano Scientific). For further details, see SI Methods.
